Abstract Common complaints of the elderly involve impaired cognitive abilities, such as loss of memory and inability to attend. Although much research has been devoted to these cognitive impairments, other factors such as disrupted sleep patterns and increased daytime drowsiness may contribute indirectly to impaired cognitive abilities. Disrupted sleep-wake cycles may be the result of age-related changes to the internal (circadian) clock. In this article, we review recent research on aging and circadian rhythms with a focus on the senescence-accelerated mouse (SAM) as a model of aging. We explore some of the neurobiological mechanisms that appear to be responsible for our aging clock, and consider implications of this work for age-related changes in cognition.
of circadian rhythms are their continued persistence in the absence of external cues in the environment and their ability to be entrained (synchronized) by environmental cues. With respect to the former property, it is the endogenous (self-sustaining) nature of circadian rhythms that engenders an internal clock. With respect to the latter property, the major external cue that serves to synchronize the circadian rhythms of humans and other mammals is light, but almost any periodic event can act as a Zeitgeber ("time-giver").
Research on the biological basis of circadian rhythms in humans and other mammals implicates the suprachiasmatic nucleus (SCN) of the anterior hypothalamus as the brain region responsible for the generation and maintenance of circadian rhythms (Herzog and Schwartz 2002; Klein et al. 1991) . Support for the SCN as the master circadian clock comes from a wide variety of sources. Perhaps the most direct evidence is the rhythmic pattern of cell activity that is observed with in vivo and in vitro SCN preparations (Gillete 1991; Schwartz 1991) . Furthermore, both complete and partial lesions of the SCN produce an array of rhythm disruptions that are reversible with transplants of fetal SCN tissue (Kaufman and Menaker 1993; Lehman et al. 1987; Lehman et al. 1991; Ralph et al. 1990; Ralph et al. 1993) . Not only do these tissue transplants restore rhythm to the SCN, but the endogenous period of the restored rhythm matches the period of the donor (Ralph et al. 1990 ).
The SCN can be divided into two major areas, which have been given different labels depending on the animal species (Abrahamson and Moore 2001; Moore 1995; Moore 1996) . In the mouse, the two divisions are referred to as "core" and "shell" (Abrahamson and Moore 2001; Moore 1995; Moore 1996) . The core, which receives direct retinal inputs, shows cell activity that is primarily light-induced (Cai et al. 1997; Guido et al. 1999b; Schwartz et al. 1995; Schwartz et al. 2000; Takashi 1993 ). This cell activity follows the behavioral pattern of the animal's phase responses to light pulses, suggesting that cells of the core are involved in entrainment to the environmental light-dark cycle (Aronin and Schwartz 1991; Colwell and Foster 1992; Schwartz et al. 2000) . The shell of the SCN does not receive direct retinal input, and displays spontaneous rhythmic cell activity in constant conditions. For this reason, the shell may be important in the generation of free-running (endogenous) rhythms (Guido et al. 1999a; Schwartz et al. 2000) .
Age-related disruptions of circadian rhythms are a common occurrence in many species, including humans, and are characterized by changes in both behavior and physiology (Brock 1991; Ingram et al. 1982; Miles and Dement 1980; van Gool 1986) . In elderly humans, rhythm disturbances include fragmented sleep-wake patterns, weak coupling with environmental rhythms, reduced amplitude of daily body temperature rhythms, alterations in the daily rhythm of hormone secretion, high levels of nighttime activity, and reduced daytime cognitive performance (Brock 1991; van Someren et al. 1993b; van Someren et al. 1996; Weitzman et al. 1982) . Similar types of behavioral changes occur in aged animals (Valentinuzzi et al. 1997; Witting et al. 1994) . These changes in circadian rhythms may, at least in part, contribute to the cognitive and physical impairments observed in aged individuals (Antoniadis et al. 2000) .
Age-related disruptions of circadian rhythms may be due to alterations in the SCN. Neurobiological changes of the SCN that have been associated with circadian rhythm disruptions in aged animals have included a reduction in the number of cells and the volume of the SCN (Brock 1991; Swaab et al. 1985) , a decrease in total and rhythmic expression of mRNA for vasoactive intestinal polypeptide in the SCN (Kawakami et al. 1997; Krajnak et al. 1998) , and attenuated c-Fos expression induced by light (Cai et al. 1997; Guido et al. 1999b; Schwartz et al. 1995; Schwartz et al. 2000; Takahshi 1993) . Although these findings do not discount other possible age-related changes outside the SCN, they do suggest that some changes within the SCN itself could be involved in the circadian rhythm disruptions observed in aged individuals.
Senescence-accelerated mouse as a model of aging
Over the past few years, our laboratory has been investigating age-related changes in the circadian rhythms of an inbred strain of mouse that shows accelerated aging. Two major lines of senescenceaccelerated mouse (SAM) have been developed by selective breeding. One line is prone to the early onset of age-related pathologies and behavioral impairments (SAMP), whereas the other line shows a normal rate of aging (SAMR) (Takeda et al. 1991) . Because SAMP and SAMR mice are derived from the same background strain (AKR/J), studies on the biological differences of the two lines could highlight mechanisms involved in aging. Both SAMP and SAMR lines have been further divided into sub-lines that have different types of pathology (Takeda et al. 1991) . Of the 9 SAMP sub-lines, the P8 and P10 have exaggerated age-related impairments of learning and memory and circadian rhythms as compared to the R1 sub-line (Flood and Morley 1998; Miyamoto 1997; Miyamoto 2004; Miyamoto et al. 1986; Takeda 1999; Yagi et al. 1988) . The SAMP8 tend to have more accelerated impairments of learning and memory, and the deficits are more pronounced than the SAMP10 (Miyamoto 1997) . Furthermore, previous research has highlighted the age-related hippocampal changes in the SAMP8, whereas much of the focus of research in the SAMP10 has been on neocortical changes, although this distinction is not absolute (Flood and Morley 1998; Han et al. 2004; Sano et al. 2004; Shimada 1999; Shimada et al. 2003 ). Because we were interested in the possible relationship between circadian rhythm disruptions and hippocampal learning and memory deficits, we used the SAMP8 rather than the SAMP10 for our studies.
Neurochemical, molecular, and genetic studies of the SAMP8 have begun to define the neurobiological changes that may be responsible for age-related cognitive impairments in this animal model. These findings have recently been reviewed (Butterfield and Poon 2005) . A number of genes and proteins are abnormally expressed in aged SAMP8, but most are related to a few important functions, including neuroprotection, signal transduction, immune function, energy metabolism and cytoskeletal elements (Butterfield and Poon 2005; Nomura et al. 2004; Takahashi and Goto 2004) . These findings suggest that aged SAMP8 suffer from increased oxidative stress, possibly leading to altered protein formation and neurochemical changes (Butterfield and Poon 2005) . For most of these genes and proteins, further research is needed to link the particular changes to age-related cognitive impairments and circadian rhythm irregularities. However, some transmitters and proteins have been associated with the age-related learning and memory impairments. Changes in acetylcholine and glutamate transmitter systems make the aged SAMP8 more sensitive to pharmacological manipulations that alter learning and memory performance (Flood and Morley 1998; Fujiwara et al. 2004) . SAMP8 also exhibit agerelated increases in β-amyloid (Aβ) levels. Moreover, the increase in Aβ may lead to cognitive deficits, because reducing the circulating levels of Aβ reduces oxidative stress and improves learning and memory (Kumar et al. 2000; Poon et al. 2004) . Together with changes in other Alzheimer's disease related markers, such as apolipoprotein E and presenilin-2, the SAMP8 seems to be an attractive animal model for studying the cognitive impairments associated with Alzheimer's disease, as well as normal aging.
Because of the number of neurobiological changes, the SAMP8 represents a different type of animal model of Alzheimer's disease compared to transgenic mouse lines that over express Aβ or Tau, two hallmarks of Alzheimer's disease. Transgenic models of Alzheimer's disease provide researchers with a way to specifically assess the effects of increased levels of the Aβ or Tau proteins, and determine whether increases in either of these proteins lead to learning impairments. On the other hand, the SAMP8 may more closely represent the complexity of the disease because of its multifactorial nature. Furthermore, although transgenic models may demonstrate the cognitive impairment of the disease, SAMP8 may mimic more symptoms, including the circadian rhythm alterations, as well as the cognitive impairments.
Age-related changes in circadian rhythm of SAMP8
Our initial study of circadian rhythms characterized agerelated changes in SAMP8 using wheel-running activity (McAuley et al. 2002) . Assessment of circadian rhythms using wheel-running activity is analogous to the rest-activity rhythms used to examine circadian rhythms in humans (van Someren et al. 1996 (van Someren et al. , 1997 . In this study, mice of three ages (2 , 7 and 12 months) were allowed free access to running wheels for a period of 16 days. For the first 6 days of testing, mice were maintained on a 12:12 light:dark cycle that matched the light:dark cycle of their colony room. For the remaining 10 days, mice were housed in constant darkness to assess characteristics of their endogenous ("free running") rhythm.
In general, all ages of SAMP8 showed a daily rhythmic pattern of wheel-running activity characteristic of the circadian rhythms of nocturnal animals. However, there were clear age differences that were apparent by 7 months of age; older mice tended to run less and exhibited more fragmented activity patterns. When compared to young mice, aged mice ran less, and this difference was observed primarily during the night when mice are normally most active. The amount of daytime activity also increased between 2 and 7 months, but then decreased between 7 and 12 months. When expressed as a proportion of total activity, 7-and 12-month-old SAMP8 were more active during the day than 2-month-old SAMP8. Consistent with these results, analysis of periodograms constructed for each animal showed dramatic changes in the amplitude of the activity rhythms. The amplitude quantifies the relative strength of an underlying rhythm at a given period (i.e., 24 hours). Overall amplitude of the 24-hour rhythm was substantially reduced in both 7-and 12-month-old mice relative to 2-month-old mice.
Reports of age-related changes to the period of the circadian rhythm are inconsistent across a variety of animals, varying from shortening to no change to lengthening Davis and Viswanathan 1998; Duffy et al. 1999; McAuley et al. 2002; Morin 1988; Pang et al. 2004; Sanchez-Barcelo et al. 1997) . Although a previous study found that aged SAMP8 had a longer period of the circadian rhythm than young SAMP8 , we found no evidence of age-related changes to the circadian period (McAuley et al. 2002) . When light cues were available, all ages of SAMP8 were accurately synchronized to (entrained by) the 12:12 light:dark cycle. Mean periods (tau) of activity rhythms during the light:dark cycle were within 0.1 hr of 24 hours for all ages. When light cues were eliminated (constant darkness or DD), freerunning periods were significantly less than 24 hours (23.56 ± 0.06, 23.58 ± 0.05, and 23.69 ± 0.06 hours for the 2-, 7-, and 12-month-old mice respectively). A trend was observed for lengthening of the free-running period with age, but this effect was not significant. We have since replicated this lack of change in the freerunning period in a longitudinal study of SAMP8 (Pang et al. 2004 ). However, a previous study found a lengthening of the free-running period in SAMP8, although the effect was relatively small-on the order of 0.3 hours . A conservative conclusion from this work is that age-related alterations in circadian period are rather weak and do not show consistent changes in the SAMP8.
In summary, our investigations of circadian rhythms in the SAMP8 reveal age-related rhythm disruptions that appear as early as 7 months. Aged SAMP8 show decreased amount of wheel-running activity, decreased rhythm amplitude, and increased fragmentation. Contrary to previous reports, we did not find any agerelated differences in free-running period. Overall, these findings in the SAMP8 are similar to the agerelated rhythm disruptions reported for healthy elderly adults, individuals with senile dementia, and for other species (McAuley et al. 2002; Satlin et al. 1991; van Gool 1986; van Someren et al. 1993a) . Patients with senile dementia, in particular, show excessive levels of nighttime activity, in relation to healthy elderly of the same age (Satlin et al. 1991; van Gool 1986; van Someren et al. 1993a) . Because the night is the normally inactive period for humans, this finding in dementia patients may be analogous to the increased daytime activity observed in aged SAMP8. These similarities support the use of the SAMP8 as an animal model of circadian rhythm disruptions associated with human aging and Alzheimer's disease.
Rhythm splitting One aspect of the activity rhythms of the aged SAMP8 appears to be particularly unusual. Concomitant with the decrease in amplitude of the 24-hour rhythm was a somewhat surprising increase in the amplitude of a secondary peak near 12 hours in the older mice (McAuley et al. 2002) . The amplitude of the secondary peak increased between 2 and 7 months, without further change between the 7-and 12-month-old mice.
The basis for this 12-hour rhythm can be observed in the double-plotted actograms (Figure 1 ). Young SAMP8 typically have a behavioral pattern in which running activity starts just before the lights turn off and continues for most of the dark period, until a reduction in running occurs just before the lights turn on. In 7-and 12-month-old mice, there appeared to be two bouts of activity; one near the beginning of the dark period and the other near the beginning of the light period.
The presence of dual activity bouts observed in 7-and 12-month-old SAMP8 is a pattern similar to that observed in young adult hamsters following extended periods in constant conditions (either light or dark). This finding has been called "rhythm splitting" (Pittendrigh and Daan 1976) , and can occur in other mammals and birds (Aschoff 1967; Gwinner 1974; Hoffmann 1971; Pittendrigh 1960 ), but the phenomenon has been most studied in hamsters. In the hamster, rhythm splitting occurs when a single daily bout of locomotor activity dissociates into two periodic components. Given enough time, the two components become synchronized so that each component is cycling 180°apart (in anti phase).
One explanation of splitting describes two mutually coupled oscillators with two stable modes of entrainment (Pittendrigh and Daan 1976) . The two oscillators are referred to as the E and M oscillators, with the E oscillator controlling the onset of activity in the evening and the M oscillator controlling the offset of activity in the morning. In the normally unsplit circadian rhythm, the E and M oscillators are mutually entrained, with the M oscillator lagging the E oscillator by several hours. Under certain conditions, the E and M oscillators can split, first freerunning independently before re-entraining with a 180°phase relationship. Evidence from hamsters with split circadian rhythms suggests that the two oscillators may be functionally localized to the left and right hemispheres of the SCN. First, unilateral SCN lesions in split hamsters abolish the splitting, and produce a single bout of locomotion (Daan and Berde 1978) . Second, the SCN hemispheres are in antiphase with one another, as assessed by expression of genes involved in circadian rhythm such as Per1 (de la . This anti phase relation is only observed for hamsters demonstrating split rhythms.
The effect of age on rhythm splitting has been examined in hamsters (Duncan and Deveraux 2000; Morin 1988 ). In the hamster, the incidence of spontaneous rhythm splitting in constant light decreased with age, in contrast to the results from our study. However, hints of an increase in "split-like" activity rhythms in aged SAMP8 can be seen in another study. Miyamoto observed that a large proportion of activity during the light phase tended to occur primarily during the first 3-4 hours of the light period (Miyamoto 1997) . This activity in addition to the normal activity observed during the dark phase is consistent with a split rhythm. Furthermore, the same study showed spontaneous motor activity that appears to show a split-like activity rhythm in the 8-and 12-month old SAMP8, but not younger subjects, although the author does not comment on this observation (Miyamoto 1997) . These results, together with those of our studies, strongly suggest that aging in the SAMP8 increased the incidence of split-like activity rhythms in contrast to the decreased incidence in aged hamsters (Duncan and Deveraux 2000; Morin 1988 ). Three possible explanations for the differences are: (1) species differences, (2) the manner in which split rhythms were produced (i.e., constant dark vs constant light), and (3) different processes that may be occurring in hamsters and SAMP8 mice.
We monitored c-Fos expression in the SCN to address the latter possibility, and in particular we were interested in two issues (Miller et al. 2005) . First, we wanted to determine whether the reduced 24-hour Figure 1 Double plotted actograms of a 2-month (a) and a 7-month (b) SAMP8 mouse. Running-wheel activity is represented by the small vertical lines. During days 1-6, mice were housed in a 12:12 hr light:dark cycle. During days 7-16, mice were located in a constant dark room. The transition from a light-dark cycle to constant dark is denoted by the arrow. The 2-month-old mouse exhibits an unsplit circadian rhythm with a single bout of activity each day that occurs during the dark phase. The 7-month mouse shows a split circadian rhythm, with two bouts of activity each day. One bout of activity occurs around the beginning of the dark phase and another takes place around the beginning of the light phase. The activity rhythms of 12-month SAMP8 were similar to those noted for the 7-month mouse (not shown) rhythm amplitude in aged SAMP8 might be associated with a decrease of SCN neuronal activity. Second, we wanted to examine whether hemispheric asymmetries existed in c-Fos expression similar to that observed in young hamsters with split circadian rhythms (de la . If c-Fos expression in the two SCN hemispheres were cycling 180°out of phase, it would provide evidence that split rhythms in aged SAMP8 were similar to that found in young hamsters.
To assess the endogenous rhythms of the SCN, mice were kept in the dark for 14 (CT2) or 26 (CT14) hours prior to sacrifice. CT2 corresponds to 2 hours after the lights would normally turn on, and CT14 is 2 hours after the lights would normally have turned off; times that correspond respectively to the highest and lowest levels of spontaneous c-Fos expression in the SCN (Sumova et al. 1998) . No differences in the number of c-Fos-ir cells were observed across the three ages of SAMP8, even though regional differences were observed in the SCN shell and core, and more c-Fos-ir cells were observed at CT2 than at CT14. The difference between CT2 and CT14 was greater in the shell than in the core, consistent with the idea that the shell of the SCN is important in the endogenous rhythm (Guido et al. 1999a; Schwartz et al. 2000) . Differences in c-Fos expression for time of day and SCN sub-regions are in agreement with previous reports in rats (Guido et al. 1999b; Sumova et al. 1998; Sumova et al. 2000) . Our results suggest that the reduction in activity rhythm amplitude observed in aged SAMP8 was not due to a reduction in SCN neuronal activity.
To investigate whether hemispheric asymmetries were more likely in aged SAMP8, a correlational analysis was performed on the left-and righthemisphere cell counts in the shell of the SCN. The core was not analyzed because, on the whole, its cell counts were lower and less variable than counts from the shell across CT2 and CT14. The regression lines for all three ages were similar, and had slopes close to 1 (2-month=0.94, 7-month=1.05, 12-month=1.04). Slopes near 1 provide evidence that the hemispheres of the SCN are not oscillating 180°out of phase as observed during rhythm splitting in hamsters. Based on this finding, the "split-like" activity rhythms observed in aged SAMP8 (McAuley et al. 2002; Pang et al. 2004) appear to be fundamentally different from rhythm splitting in young hamsters (Aschoff 1967; de la Iglesia et al. 2000; Hastings et al. 1991; Pittendrigh 1960; Pittendrigh and Daan 1976) . The major conclusion resulting from these studies is that age-related changes in circadian rhythms as measured by wheel-running activity are not caused by disruptions of SCN activity. SCN activity of aged SAMP8 was as robust and rhythmic as that of young SAMP8. The lack of impairments in SCN activity suggests that disruption of activity rhythms may be due to an inability of the SCN to consolidate neuronal signals, resulting in a reduction in the strength of the output of the SCN. Another possibility is the change in the amplitude of activity rhythms is due to age-related impairments in the coupling between the pacemaker (SCN) and "down-stream" targets. Peripheral systems may be impaired in their ability to read or synchronize with an output signal from the SCN. One place to examine may be the subparaventricular zone, since this area is one of the major targets of the SCN (Watts 1991; ).
Although we found no evidence to support the hypothesis that age-related changes in SCN activity account for circadian rhythm disruptions, drawing a definitive conclusion may be premature for several reasons. First, it is possible that age-related changes in the SCN may manifest itself as alterations in the amount (intensity) of c-Fos expressed, rather than the number of c-Fos-ir cells. Second, c-Fos may not be the best marker to demonstrate reduced activity or hemispheric asymmetries. Reductions in the circadian fluctuations of glucose metabolism (Wise et al. 1988 ), number of arginine-vasopressin (AVP) neurons (Roozendaal et al. 1987) , and in vitro neuronal activity (Satinoff et al. 1993; Watanabe et al. 1995) have been demonstrated with increased age. Third, split activity rhythms in hamsters are also accompanied by hemispheric asymmetries in levels of Per, Bmal, and AVP (de la . It would be important to examine rhythms of these markers in the SCN of the SAMP8 before concluding that the SCN is not responsible for the disruption of activity rhythms in the aged SAMP8. Finally, c-Fos expression was assessed at only two time points, and we cannot discount the possibility that increasing the number of time points might reveal a difference in the overall pattern of activity that was not captured by two time points.
Early predictors of age-related circadian rhythm disruptions Identifying the neural systems responsible for age-related rhythm disruptions is important for developing treatment or prevention regimens. Inter-vention regimens are also most effective when instituted as early as possible. In this regard, much research has been devoted to identifying markers that can be used to predict future disease or age-related impairments.
With this in mind, we performed a cross-sequential study to identify predictors of future circadian rhythm disruption (Pang et al. 2004 ). Although the crosssequential design has elements of both longitudinal and cross-sectional studies, the focus here is on the results from the longitudinal component, as this is the most relevant regarding predictors of circadian rhythm disruptions. The SAMP8 are an ideal model for longitudinal studies because of their accelerated rate of senescence.
Circadian rhythms were assessed in SAMP8 mice at 2, 7, and 12 months of age using wheel-running activity. Similar to our previous cross-sectional study, wheel-running rhythms were relatively intact at 12 months in some mice, while rhythms were fragmented at 12 months in other mice. The progression of changes in circadian rhythms also varied with two general patterns. Some mice progressed from a stable rhythm at 2 months to disrupted activity rhythms at 7 months, and then back to a more stable rhythm at 12 months that was similar to the rhythm at 2 months. Other mice showed a more uniform decline in rhythmicity across the lifespan.
Given the disruptions in circadian rhythms at 7 and 12 months, the longitudinal component of the experimental design allowed identification of measures at 2 months that potentially predict circadian rhythm disruptions later in life. The measures we examined included light activity, dark activity, proportion of light activity, total activity in constant dark conditions, observer perceptual ratings of the actograms concerning the presence/absence of double bouts of activity, rhythm amplitude, and free-running period. Overall, the best predictor of future circadian rhythm disruption was proportion of light activity at 2 months (a measure of rhythm fragmentation). Specifically, proportion of light activity predicted several measures of disruptions at 7 months of age, including rhythm amplitude (r = −0.723) and perceptual ratings of actograms (r = +0.742). Proportion of light activity at 2 months was also positively correlated with proportion of light activity (r = +0.895) and negatively correlated with amount of dark activity (r = −0.910) at 12 months.
Summary of circadian rhythm changes with increased age In summary, our studies on aging and circadian rhythms have demonstrated that the SAMP8 is a viable animal model to investigate mechanisms responsible for age-related circadian rhythm disruptions. Various age-related changes in circadian rhythms are present in SAMP8 that are similar to those observed with humans, most notably increased fragmentation and a large reduction in rhythm amplitude (van Someren et al. 1993b (van Someren et al. , 1996 Weitzman et al. 1982) . The exact mechanism of this rhythm disruption in SAMP8 does not appear to reside in the activity of SCN neurons, although more studies are necessary to adequately rule out this brain structure. Finally, our longitudinal studies show that circadian rhythm disruption in middle age does not necessarily lead to further disruption later in life. Some animals were found to spontaneously revert back to a pattern of activity that resembled young mice. Understanding the reasons for this spontaneous improvement will lead to possible interventions that might be used clinically. As it seems that interventions are often better applied early on, we also found that proportion of light activity in the young SAMP8 was a good predictor for future circadian rhythm disruption. This predictor could prove useful in targeting those individuals who are more susceptible to future rhythm disruptions for clinical interventions.
Modulation of cognition by circadian rhythms
In addition to the fact that age-related changes in circadian rhythms are important in their own right, there is increasing evidence that circadian rhythm disruptions may contribute to some of the cognitive impairments observed in aging (Antoniadis et al. 2000; Brock 1991; Stone 1989; van Gool 1986; van Someren et al. 1993a ). However, the brain systems involved in the interaction of circadian rhythms and cognition are not well understood. Although indirect effects of disrupted circadian rhythms can impact cognitive abilities (i.e., general sleepiness), disrupted rhythms may also have a more direct influence on brain areas important in cognition, such as the hippocampus and cortex.
Several systems in the hippocampus show daily cycles. Acetylcholine, norepinephrine, and serotonin systems in the hippocampus fluctuate with a circadian rhythm (Brunel and de Montigny 1987; Holmes et al. 1995; Holmes et al. 1997; Krajnak et al. 2003; Leitch et al. 2003; Masuda et al. 2005; Matsumoto et al. 1981; Mizuno et al. 1991; Mizuno et al. 1994; Moore and Traynor 1976; Weiner at al. 1992) . The neurotrophin BDNF and its high affinity receptor TrkB also show daily changes, with higher levels during the active night period (Berchtold et al. 1999; Dolci et al. 2003; Pollock et al. 2001; Schaaf et al. 2000; Sei et al. 2003) . These fluctuations in molecular systems may underlie functional changes in the hippocampus that follow the day-night cycle. For example, daily rhythms have been reported for theta rhythms and long-term potentiation (Bliss and Lomo 1973; Morris et al. 1986; Welsh et al. 1985) , a type of synaptic plasticity that may underlie learning and memory (Bliss and Lomo 1973; Morris et al. 1986 ). At present, it is unclear whether rhythmic fluctuations in hippocampal function are driven by rhythms from the SCN (i.e., hormonal fluctuations such as glucocorticoids may influence the hippocampus) or are endogenous to the hippocampus. Regardless of whether rhythmic fluctuations are intrinsic to the hippocampus or are driven from the extrahippocampal structures, the demonstration of these rhythms in the hippocampus suggests a direct influence of circadian rhythms in learning and memory.
An important issue that we are starting to address is whether aging disrupts the hippocampal circadian rhythms as it does wheel-running activity. If so, do disruptions of hippocampal circadian rhythms contribute to age-related memory impairments? Our preliminary studies have examined the time course of age-related memory impairments in the SAMP8 to determine if they match age-related changes in circadian rhythms. Memory for a familiar object (Figure 2a) showed progressive impairment at 7 and 12 months of age as compared to 2-month SAMP8 for a retention interval of 2 minutes. With a 15-minute retention interval, performance for all three ages was similar, but the results suggest a possible floor effect. In contrast, spatial learning in 7-and 12-month-old SAMP8 was similarly impaired compared to the 2-month-old mice (Figure 2b ). Both tasks are hippocampal-dependent, but measure different types of learning and memory.
In conjunction with these behavioral studies, we have started to investigate possible mechanisms for the memory impairments. New neurons and glia can functionally integrate into the adult hippocampal network (Song et al. 2005; van Praag et al. 1999; van Praag et al. 2002) . Therefore, it has been hypothesized that hippocampal cell proliferation is important for acquisition of new memories, and the Figure 2 Age-related memory impairment was observed in SAMP8 for object recognition (a) and spatial memory (b). In the object recognition task, mice were exposed to an object. After 2 or 15 minutes, mice were presented with a novel item and the previously presented object. The difference in time spent exploring the novel and familiar object represents the memory for the familiar object. For the 2-minute retention, memory for the familiar object was poorer as age increased (a).
With the 15-minute retention, all ages had poor memory, and the lack of an effect of age may be due to a floor effect. Agerelated impairments were also observed learning a spatial task (b). The distance required to swim to a hidden platform decreased with training for all ages. However, learning the location of the escape platform was worse for the aged mice than for the young mice. Error bars represent the standard error of the mean reduction of hippocampal neurogenesis may be involved in the memory impairments observed in aged individuals (Gould et al. 1999a (Gould et al. , 1999b Shors et al. 2001; van Praag et al. 1999) . Additionally, the rate of cell proliferation in the hippocampus is influenced by circadian rhythms (Goergen et al. 2002; Holmes et al. 2004) . We have recently begun to examine agerelated changes in hippocampal cell proliferation in SAMP8. Cell proliferation as measured by BrdU incorporation was high at 2 months but was dramatically reduced by 5 months of age (Figure 3) . Further reduction was found between 5 and 7 months, such that very few BrdU-labeled cells were observed in SAMP8 of 7-month or older. What is noteworthy is that the time course of the decline in hippocampal cell proliferation is similar to the time course for agerelated spatial learning impairments, but quite different than either the circadian rhythm disruption or object recognition impairment. For both circadian rhythms and object recognition, the middle age group (7-8 months) show disruptions that are not as severe as the old age group (12+ months). In contrast, hippocampal cell proliferation and spatial learning on the water maze are affected by age as much at 7 months as they are at 12 months. These preliminary results suggest that it is unlikely that the disruption of circadian rhythms is responsible for the decline in hippocampal neurogenesis or spatial learning. The results also suggest that hippocampal neurogenesis may be more closely linked to spatial learning than object recognition. However, further work is clearly needed to confirm these preliminary results.
Conclusions
Overall, our studies support the view that SAMP8 is a good animal model to study aging and circadian rhythms. SAMP8 show a variety of circadian rhythm disruptions with increased age, including a reduction of the rhythm amplitude (strength), an increase in the strength of a secondary 12-hour rhythm, and a general increase in activity during the normally inactive light phase of the day (increased rhythm fragmentation). Some of these disruptions are observed in other species, and have relevance to common complaints in elderly humans. However, in SAMP8 these disruptions do not appear to be associated with age-related changes in SCN cell activity (as measured by Figure 3 Cell proliferation in the hippocampus decreased with age. Bromo-deoxyuridine (BrdU) was used to label new proliferating cells in the dentate gyrus. Cell proliferation was dramatically reduced between 2 months (a) and 5 months (b). Although proliferation was already low by 5 months of age, further reduction to an almost non-existent level was observed in 7 months or older SAMP8 (c). Photomicrographs were taken with a 10× objective lens. Scale bar represents 100 μm in all panels expression of c-Fos). It is possible that other gene products or areas downstream from the SCN may be responsible for the circadian rhythm disruptions that we observed.
In longitudinal studies of SAMP8, it is noteworthy that the appearance of circadian rhythm disruptions does not necessarily mean that disruptions will be present later in life. Circadian rhythms of some mice improved, rather than declined, with increasing age. Obviously, mechanisms involved in the spontaneous improvement of circadian rhythms are of interest because they may form the basis of interventions that can reverse or slow age-related declines in behavior. As it is always better to prevent age-related impairments prior to the initial decline, predictors of circadian rhythm disruptions may be useful for targeting susceptible populations for preventative actions. We found that the best predictor of future circadian rhythm disruptions was an unusual amount of activity during the normally inactive phase.
Interventions have been attempted to reverse some of the age-related impairments of circadian rhythm. Melatonin has been administered as a treatment because of the possible age-related reduction in light input to the pineal gland, resulting in less melatonin secretion from the pineal. Melatonin administration in SAMP8 was not helpful in ameliorating the agerelated changes in re-entrainment, although it seems to have effects on young as well as aged SAMR1 Shibata et al. 2000) . This result contrasts with the positive effects that melatonin has in stabilizing sleep and activity patterns in humans, although the effects of melatonin in humans are relatively mild (Asayama et al. 2003; Zisapel 1999) . If aging reduces visual inputs to the pineal gland or SCN, bright-light therapy might also rescue the disruption of circadian rhythm. Indeed, bright-light treatment improves circadian rhythms or sleep-wake cycles in both SAMP8 and humans with Alzheimer's disease (Dowling et al. 2005; Miyamoto et al. 1998; Yamadera et al. 2000) .
Finally, we have started to investigate age-related changes in learning and memory, and possible mechanisms by which circadian rhythm disruption might have a negative impact on cognition. Our preliminary studies suggest that impairments in object recognition and circadian rhythm disruptions start to appear at similar ages in the SAMP8, and reduction in hippocampal neurogenesis and impairments of spatial learning progress similarly, with the latter two preceding the former two measures. Further studies linking age-related changes in circadian rhythms and cognition are necessary, and will be important in informing new treatments for the elderly.
